ABSTRACT
What appears to be the strength of DaT-SPECT, like 6-[
18 F]-fluoro-L-3,4-dihydroxyphenylalanine PET, is that nigrostriatal degeneration is observed in both clinically inconclusive parkinsonism and early, even premotor, disease. DaT-SPECT images are easy to interpret compared with advanced MR imaging techniques; the cost is low compared with that of PET; all compliant patients can be imaged, unlike in transcranial sonography; and at least in Europe, SPECT is widely available compared with PET, advanced MR imaging, and transcranial sonography.
Parkinsonian syndromes are a group of movement disorders characterized by tremor, bradykinesia, and rigidity. They are most frequently due to primary neurodegenerative disease, resulting in loss of dopaminergic nerve terminals along the nigrostriatal pathway, as occurs in idiopathic Parkinson disease, multiple system atrophy (MSA), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and dementia with Lewy bodies. Other causes of parkinsonism that do not involve nigrostriatal degeneration include drug-induced, vascular or toxic insult, and psychogenic disease. Patients with nigrostriatal degeneration may benefit from dopaminergic medication, whereas nondegenerative or postsynaptic etiologies do not.
The Table demonstrates the distinguishing clinical features of idiopathic Parkinson disease, MSA, PSP, CBD, and dementia with Lewy bodies. Due to its multisystem involvement, patients with MSA are typically subdivided into those who present with predominant parkinsonism (MSA-P) and those with predominant cerebellar ataxia (MSA-C). The clinical diagnosis of idiopathic Parkinson disease, based on clinical signs, assessment of inclusion and exclusion criteria, and good response to levodopa, 1 can be straightforward. However, mild, atypical, or ambiguous signs with unconvincing responses to levodopa, can make the diagnosis inconclusive. 2 This may have adverse prognostic implications in the management of parkinsonism.
Another important clinical differential diagnosis is essential tremor. Typical cases of essential tremor are easily distinguished from idiopathic Parkinson disease, but diagnosis may be more of a challenge if the tremor is unilateral or if there is a dystonic upper limb tremor. Where there is clinical doubt, functional DaT-SPECT imaging may be decisive.
Multiple System Atrophy
Approximately 10% of patients with parkinsonism are diagnosed with MSA, 3 which is characterized by widespread neurodegeneration, especially within the striatum, substantia nigra, pons, inferior olivary and vagal motor nuclei, cerebellum, and spinal cord. 4 Structural MR imaging findings overlap in all MSA subtypes, independent of clinical presentation, though trends can be seen. In MSA-P, the putamen may demonstrate a rim of increased signal on T2-weighted sequences due to gliosis (Fig 1) . 5 In MSA with predominant cerebellar ataxia, pontocerebellar degeneration may result in visually apparent cerebellar and pontine atrophy, which, along with MSA-P to a lesser extent, is associated with increased signal on T2-weighted sequences in the middle cerebellar peduncles, cerebellum, and the pontine transverse fibers and raphe ("hot cross bun" sign) (Fig 2) .
Atrophy is most evident in patients with well-established disease. If one uses a cutoff value of 8 mm, the middle cerebellar peduncle width allows differentiation of patients with MSA compared with controls or those with idiopathic Parkinson disease with 100% positive predictive value (Fig  2) . 6 Volumetry and voxel-based morphometry group studies show striatal and cerebellar volume loss in patients with MSA-P compared with those with idiopathic Parkinson disease and controls. [7] [8] [9] Voxel-based morphometry also demonstrates selective cortical atrophy in MSA-P, affecting the motor cortical targets of basal ganglia output pathways such as the primary sensorimotor and lateral premotor cortices and the prefrontal and insular cortices. 8 Although validation in prospective studies is required, high regional ADC in patients with MSA-P appears discriminatory. With 100% positive predictive value, putaminal ADC differentiates MSA-P and idiopathic Parkinson disease, 10 whereas middle cerebellar peduncle ADC distinguishes MSA-P from PSP and idiopathic Parkinson disease. 11 Similarly, when combined with DTI, high ADC and low fractional anisotropy in either the pons, cerebellum, or putamen are demonstrated in all patients with MSA-P, allowing this disease to be distinguished from idiopathic Parkinson disease.
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FIG 1.
Axial T2-weighted MR imaging sequence at 1.5T in a patient with MSA-P (A) demonstrating hyperintense putaminal rims. The sign is 96% specific in differentiating patients with MSA from those with idiopathic Parkinson disease; however, it is only 56% sensitive according to 1 study. 6 The corresponding coronal T1-weighted MR imaging sequence (B) shows that the putaminal rims are hypointense. The putaminal rim sign is nonspecific in the wider population-for example, it can be seen in Wilson disease or some spinocerebellar ataxia subtypes. It is also a normal finding at 3T. 
Distinguishing clinical features of the neurodegenerative and non-neurodegenerative causes of parkinsonism
DaT-SPECT in Multiple System Atrophy
There is no discernible difference in the pattern of nigrostriatal degeneration between idiopathic Parkinson disease and MSA. This is reflected in DaT-SPECT imaging in which abnormal scan findings demonstrating asymmetric reduction in DaT binding are consistent with either disease (Fig 3) . 17, 18 Recently, DaT-SPECT voxel-based morphometry has been used at the group level to distinguish MSA-P from idiopathic Parkinson disease. 19 In the dorsal brain stem, there was greater signal reduction of patients with MSA-P compared with those with idiopathic Parkinson disease, and after a mean follow-up of 2.4 years, there was a greater signal reduction in the caudate and anterior putamen in patients with MSA-P compared with those with idiopathic Parkinson disease. This is in accordance with faster disease progression.
Similar to those who investigated PET, researchers have endeavored to distinguish idiopathic Parkinson disease and MSA by using SPECT dopamine D 2 receptor imaging. Most striatal D 2 receptors are located postsynaptically and function by facilitating cell-to-cell communication. They have a key role in modulating locomotion and are a critical target for dopaminergic therapeutics.
20 SPECT radiolabeled ligands used to image D 2 receptors are dopaminereceptor antagonists such as 
Progressive Supranuclear Palsy
PSP accounts for a small minority of patients with parkinsonism. Neuropathologically, this tauopathy is characterized by neuronal degeneration of the nigrostriatal pathway, basal ganglia, and brain stem nuclei with deposition of neurofibrillary tangles. A number of MR imaging features suggestive of PSP have been described, such as dilation of the third ventricle and signal increase of the midbrain. 5, 26 Although often absent, atrophy of the red nucleus, frontal and temporal lobe, and an anteroposterior midbrain diameter of Ͻ17 mm can each differentiate PSP from MSA with at least 75% positive predictive value (Fig 4) . If one uses a "MR parkinsonism index" [(pons/ midbrain) ⅐ (middle cerebellar peduncle/superior cerebellar peduncle)], PSP can be prospectively distinguished from idiopathic Parkinson disease, MSA-P, and controls with 100% positive predictive value. 27 Group studies additionally demonstrate that atrophy in the striatum and frontotemporal cortices, measured with volumetry and voxel-based mor-FIG 2. Axial T2-weighted MR imaging sequence in a patient with MSA with predominant cerebellar ataxia (A) demonstrating the "hot-cross bun" sign, which results from selective loss of myelinated pontine transverse fibers and raphe neurons. One study showed that the sign is 100% specific in differentiating patients with MSA from those with idiopathic Parkinson disease; however, it is only 50% sensitive. 6 Marked pontine and cerebellar atrophy is also demonstrated. This olivopontocerebellar volume loss is shown on the sagittal T1-weighted sequences (B), where a middle cerebellar peduncle width Ͻ8 mm is demonstrated. All these signs are nonspecific in the wider population-for example, they can be seen in some spinocerebellar ataxia subtypes. phometry, respectively, differentiate those with PSP from controls. 9, 28 Additionally, white matter atrophy in the subthalamic region can distinguish PSP from controls and idiopathic Parkinson disease when using voxel-based morphometry. 29 With similarities to MSA, diffusion imaging and PET may have roles in diagnosing PSP. ADC is increased in the decussation of the superior cerebellar peduncles compared with idiopathic Parkinson disease, MSA, and control groups, 30 and elevated putaminal ADC might discriminate PSP and idiopathic Parkinson disease with a positive predictive value of 100%. 31 With PET, 11 C-raclopride demonstrates reduced striatal dopamine receptor binding, 32 while 18 F-FDG is reduced in the putamen, thalamus, frontal cortex, and midbrain. 
DaT-SPECT in Progressive Supranuclear Palsy
In PSP, some DaT-SPECT studies show a predominant loss of DaT density in the putamen, comparable with idiopathic Parkinson disease, 17 whereas others demonstrate more uniform DaT loss in both the caudate nucleus and putamen. 34 Overall, on the basis of DaT-SPECT results alone, it is not possible to reliably distinguish idiopathic Parkinson disease, MSA, and PSP (Fig 5) . 17, 18 As with MSA, there appears to be D 2 receptor striatal loss in PSP, and the diagnostic accuracy of SPECT to differentiate MSA from PSP is low. 24 In some cases of MSA and PSP, the postsynaptic tracer has normal uptake. As such, a meta-analysis on the diagnostic accuracy of SPECT in parkinsonian syndromes found that postsynaptic and presynaptic tracers could not reliably distinguish idiopathic Parkinson disease and MSA or PSP. 35 
FIG 4.
Axial T2-weighted MR imaging sequence in a patient with PSP (A) demonstrating increased midbrain signal intensity (which is only 60% sensitive and 70% specific compared with MSA) and an atrophic midbrain with an anteroposterior diameter of Ͻ17 mm (which is 23% sensitive and 96% specific compared with MSA). 5 The signs are nonspecific in the wider population-for example, midbrain signal intensity can be seen in Wilson disease and a severely atrophic midbrain can be seen in CBD. The concave posterolateral borders of the atrophic midbrain give it a "morning glory" flower appearance. The corresponding sagittal T1-weighted sequence (B) shows tectal atrophy with a "hummingbird" appearance. 
DaT-SPECT in Corticobasal Degeneration
In CBD, the dopaminergic neurons of 10% of cases appear to have preserved DaT density, whereas the remainder of cases that are affected tend to show a more uniform DaT reduction throughout the striatum and greater hemispheric asymmetry compared with idiopathic Parkinson disease (Fig 8) . 45 However, DaT-SPECT does not allow CBD to be distinguished from idiopathic Parkinson disease, PSP, MSA, and dementia with Lewy bodies at the individual level. 39 SPECT imaging of the D 2 receptor is of limited value, with studies showing either normal or slightly reduced D 2 receptor binding.
39,46
Dementia with Lewy Bodies
Dementia with Lewy bodies is a form of dementia that is thought to be related to idiopathic Parkinson disease. In contrast to idiopathic Parkinson disease, Lewy bodies are found not only in the deep gray matter but diffusely throughout the brain including the cortex. It is the second most common cause of dementia after Alzheimer disease, and distinguishing the 2 diseases is often a diagnostic challenge because the clinical features can overlap. Alzheimer disease accounts for 31% of those with dementia, presenting with short-term memory decline, language dysfunction, neuropsychiatric features, and, in 5% of cases, parkinsonism. [47] [48] [49] Dementia with Lewy bodies accounts for approximately 11% of patients with dementia and can present with falls or depression, which are also seen in Alzheimer disease; fluctuating dementia; and the more discriminatory presentations of visual hallucinations, multiple features, and, in 41% of cases, parkinsonism. Of note, the clinical features of parkinsonism in both forms of dementia are less severe than those seen in idiopathic Parkinson disease, presenting commonly with rigidity and bradykinesia and infrequently with resting tremor. 50 It is difficult to differentiate dementia with Lewy bodies from other dementias, though by using MR imaging to differentiate dementia with Lewy bodies from Alzheimer disease and vascular dementia, the absence of medial temporal lobe atrophy is highly suggestive of dementia with Lewy bodies. 51 With voxel-based morphometry, compared with Alzheimer disease, atrophy in the midbrain, hypothalamus, and substantia innominata is marked and the medial temporal lobe is relatively preserved. 52 Nonetheless, medial temporal lobe atrophy often occurs in dementia with Lewy bodies, with volumetry showing the entorhinal cortex to be smaller than that in control and idiopathic Parkinson disease groups. 53 In the parietal lobe of those with dementia with Lewy bodies, DTI appears to show reduced fractional anisotropy compared with control or Alzheimer disease groups. 54 While in the occipital lobe of patients with dementia with Lewy bodies, compared with patients with Alzheimer disease, hypoperfusion and hypometabolism are demonstrated by reduced hexamethylpropylene amine oxime and 18 F-FDG uptake, respectively.
55,56
DaT-SPECT in Dementia with Lewy Bodies
Postmortem studies have shown normal levels of putaminal dopamine in Alzheimer disease compared with a 72% reduction in dementia with Lewy bodies. 57 This finding is reflected in DaT-SPECT studies that show an asymmetric reduction in DAT binding in dementia with Lewy bodies compared with a normal appearance in Alzheimer disease, allowing differentiation with 90% positive predictive value (Fig 9) . 39, 58 It is particularly important to exclude dementia with Lewy bodies if the patient requires treatment for hallucinations. Otherwise, a parkinsonian crisis may be precipitated in a patient with dementia with Lewy bodies because some neuroleptic drugs block the postsynaptic D 2 receptor, thereby exacerbating the shortage of dopamine within the synaptic cleft. More than half of such patients will have severe adverse reactions, some of which are fatal. Note that the DAT-SPECT study has normal findings with symmetric, intense uptake in the caudate nuclei and putamina. This effectively excludes a nigrostriatal degenerative cause of parkinsonism. Consistent with ischemic disease, the MR imaging demonstrates diffuse T2-weighted hyperintensities in the striatum and in the periventricular and subcortical white matter.
pallidus or substantia nigra pars compacta) or decrease the thalamocortical drive directly (thalamus or large frontal lobe infarct), or an insidious onset of parkinsonism with extensive subcortical white matter lesions, bilateral symptoms at onset, and the presence of an early shuffling gait or cognitive dysfunction.
These criteria, even when applied to the retrospective sample from which they were derived, are not 100% sensitive. DaT-SPECT has, therefore, been used to help establish the diagnosis of vascular parkinsonism because the nigrostriatal dopaminergic pathway is typically unaffected, 59 and consequently, the DaT binding will not be reduced as in idiopathic Parkinson disease. 39 The caveat is that occasionally a massive vascular infarct within the striatum can cause moderate nigrostriatal degeneration 60 ; therefore, though infrequent, marked asymmetry can be evident on DaT-SPECT. Nonetheless, in the absence of postsynaptic causes of parkinsonism (eg, drug-induced) and the presence of vascular lesions on CT/MR imaging (eg, a "punched out" lesion characteristic of an infarct or the diffuse white matter disease of ischemia), in an appropriate clinical context, normal DaT-SPECT findings are diagnostic of vascular parkinsonism (Fig 10) . 1 Overall, a meta-analysis of the diagnostic differentiation of idiopathic Parkinson disease and vascular parkinsonism by using DaT-SPECT demonstrated a sensitivity of 80%-100% and a specificity of 73%-100%.
38
Idiopathic Parkinson Disease versus Drug-Induced Parkinsonism. Drugs that have a competitive antagonistic effect on the postsynaptic D 2 receptors, such as neuroleptics (eg, olanzapine) and centrally acting antiemetics (eg, metoclopramide), can cause parkinsonism, which is usually reversible. Clinically, it can be very difficult to distinguish drug-induced parkinsonism from idiopathic Parkinson disease. 1 However, in contrast to idiopathic Parkinson disease, DaT-SPECT imaging has either normal findings or depicts increased striatal DAT activity, the latter suggesting a compensatory up-regulation of DaT in response to D 2 receptor blockade.
38, 61 Of clinical importance is the masking of early idiopathic Parkinson disease in patients with schizophrenia on neuroleptic medication. In these cases, the DaT-SPECT study findings will be abnormal, in keeping with coexistent idiopathic Parkinson disease (or another neurodegenerative parkinsonian syndrome) (Fig 11) .
Idiopathic Parkinson Disease and Essential Tremor. Typically, the unilateral resting tremor of idiopathic Parkinson disease can be distinguished from the symmetric essential tremor on clinical grounds, especially when there are other signs of parkinsonism. However, clinical confusion may occur when the 2 diagnoses coexist or when there are equivocal parkinsonian features. In these cases, DaT-SPECT discriminates essential tremor and idiopathic Parkinson disease because patients with essential tremor consistently have, effectively, normal striatal DaT binding. 18, 38, 39, 62 Indeed, in a meta-analysis of the diagnostic differentiation of essential tremor and idiopathic Parkinson disease using DaT-SPECT, the study with the lowest sensitivity and specificity reported percentages of 80% and 95%, respectively. 35 Recently, DaT-SPECT has challenged the view that essential tremor has absolutely no pathophysiologic effect on dopaminergic transmission because a slight reduction in caudate DaT binding has been noted.
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Rare Causes of Parkinsonism
Nigrostriatal degeneration may also be seen in other, rarer, causes of parkinsonism. Wilson disease demonstrates striatal DaT-SPECT reduction comparable with that in idiopathic Parkinson disease. 63 Similarly, reductions in DaT binding are seen in sporadic amyotrophic lateral sclerosis. 64 Neuroacanthocytosis encompasses a heterogeneous group of disorders characterized by the association of neurologic abnormalities with red cell acanthocytosis. They are categorized into 2 groups based on the presence or absence of movement disorders. In patients with neuroacanthocytosis presenting with movement disorders, there is underlying degeneration of the striatum. 65 There- fore, it can be inferred that DaT-SPECT imaging is likely to be abnormal in these cases (Fig 12) .
In conclusion, dopamine-transporter imaging, in particular DaT-SPECT, reliably distinguishes neurodegenerative causes of parkinsonism (idiopathic Parkinson disease, MSA, PSP, and CBD) from parkinsonism without nigrostriatal DaT loss (such as essential tremor, vascular parkinsonism, and drug-induced parkinsonism). DaT-SPECT alone cannot differentiate the disorders within the neurodegenerative group, whereas initial studies using a combination of radiotracers or other advanced imaging techniques appear promising. DaT-SPECT also helps to differentiate dementia secondary to Lewy body deposition and Alzheimer disease, thereby avoiding a potential treatment-induced parkinsonian crisis. It is hoped that this technique will be the forerunner of a range of routinely used, process-specific ligands that can identify early degenerative disease and subsequently guide disease-modifying interventions. 
